We report measurements of the exclusive cross section for e + e − → DD, where D = D 0 or D + , in the center-of-mass energy range from the DD threshold to 5 GeV with initial-state radiation. The analysis is based on a data sample collected with the Belle detector with an integrated luminosity of 673 fb −1 .
PACS numbers: 13.66.Bc,13.87.Fh,14.40.Gx
The total cross section for hadron production in e + e − annihilation in the √ s region above the open-charm threshold was measured precisely by the Crystal Ball [1] and BES [2] collaborations. However, the parameters of the J P C = 1 −− charmonium states obtained from fits to the inclusive cross section [3, 4] are poorly understood theoretically [5] . Since interference between different resonant structures depends upon the specific final states, studies of exclusive cross sections for charmed meson pairs in this energy range are needed to clarify the situation. Recently, CLEO-c performed a scan over the energy range from 3.970 to 4.260 GeV and measured exclusive cross sections for DD, DD * and D * D * final states at twelve points with high accuracy [6] . [9, 10] , Y (4360), Y (4660) [11] , X(4160) [12] ) decaying to either open-or closed-charm final states. Our study provides further information on the dynamics of charm quarks at these center of mass energies. The data sample corresponds to an integrated luminosity of 673 fb −1 collected with the Belle detector [13] at the Υ(4S) resonance and nearby continuum at the KEKB asymmetric-energy e + e − collider [14] .
We select e + e − → DDγ ISR signal events by reconstructing both the D and D mesons, where
In general, the γ ISR is not required to be detected; its presence in the event is inferred from a peak at zero in the spectrum of the recoil mass against the DD system. The square of the recoil mass is defined as:
where E c.m. is the initial e + e − center-of-mass (c.m.) energy, E DD and p DD are the c.m. energy and momentum of the DD combination, respectively. To suppress backgrounds we consider two cases: (1) the γ ISR is out of detector acceptance in which case the polar angle for the DD combination in the c.m. frame is required to be |cos(θ DD )| > 0.9; (2) the fast γ ISR is within the detector acceptance (|cos(θ DD )| < 0.9), in this case the γ ISR is required to be detected and the mass of the DDγ ISR combination is required to be greater than E c.m. − 0.58 GeV/c 2 . To suppress background from e + e − → DD(n)πγ ISR processes we exclude events that contain additional charged tracks that are not used in the D or D reconstruction.
We ensure that all charged tracks originate from the interaction point (IP) with the requirements dr < 2 cm and |dz| < 4 cm, where dr and |dz| are the impact parameters perpendicular to and along the beam direction with respect to the IP. Charged kaons are required to have a ratio of particle identification likelihoods, [15] , larger than 0.6. No identification requirements are applied for pion candidates. K 2 of the nominal π 0 mass, the pair is fit with a π 0 mass constraint and considered as a π 0 candidate. D 0 candidates [16] are reconstructed using five decay modes:
2 mass window is used for all modes except for
2 requirement is applied (∼ 2.5 σ in each case). To improve the momentum resolution of D meson candidates, final tracks are fitted to a common vertex and a D 0 or D + mass constraint is applied. The D candidates from a sideband region are refitted to the mass, corresponding to the center of the sideband region with the same width as the signal window.
The distribution of M 2 rec (DD) after all the requirements is shown in Fig. 1 (a) . A clear peak corresponding to the e + e − → DDγ ISR process is evident around zero. The shoulder at positive values is due to
To suppress the tail of such events we define a signal region by the requirement:
The polar angle distribution for DD after the requirements on M 2 rec (DD) is shown in Fig. 1 (c) . The sharp peaking at ±1 is characteristic of ISR production and agrees with the Monte Carlo (MC) simulation. The mass distribution of the DDγ ISR combinations where the γ ISR is detected is shown in Fig. 1 
To reproduce the shape of the D 0 D * 0 mass distribution we use the D ± D * ∓ cross section measured in our previous study [7] . The contribution from background (4) is found to be small (shown in Fig. 2 (a) as a solid histogram) and is subtracted from the D 0 D 0 mass spectrum. Uncertainties in this estimate are included in the systematic error. The contribution from background (5), determined from reconstructed e + e − → DDπ 0 events in the data, is found to be negligibly small and taken into account in the systematic error.
The e + e − → DD cross sections are extracted from the
where m ≡ M DD , dN/dm is the obtained mass spectra, while η tot is the total efficiency. The factor dL/dm is the differential ISR luminosity
where
, L is the total integrated luminosity and C = cos θ 0 , where θ 0 defines the polar angle range for the γ ISR in the e + e − c.m. frame: θ 0 < θ γISR < 180
• − θ 0 . The total efficiency determined by MC simulation grows linearly with M DD from 0.095% near threshold to 0.46% at 5 The systematic errors for the σ(e + e − → DD) measurements are summarized in Table I . The systematic errors 
associated with the background (1-2) subtraction are estimated to be 2% due to the uncertainty in the scaling factors for the sideband subtractions. This systematic error is estimated using fits to the M D and M D distributions with different signal and background parameterizations. Uncertainties in backgrounds (3-5) are conservatively estimated to be smaller than 2% of the signal in the case of D 0 D 0 ; these two sources are added linearly to give 4% in total. In the D + D − case, backgrounds (3-5) are estimated using the data and only the uncertainty in the scaling factor for the subtracted distributions is taken into account. A second source of systematic error comes from the uncertainties in track and photon recon-struction efficiencies, which are 1% per track, 1.5% per photon and 5% per K 0 S , respectively. The systematic error ascribed to the cross section calculation is estimated to be 5% and includes the error on the differential ISR luminosity and the error from the efficiency fit. Other contributions come from the uncertainty in the identification efficiency and the absolute D 0 and D + branching fractions [20] . The total systematic uncertainties are 10% and comparable to the statistical errors in the differential cross section around the ψ(3770) peak; for the other M DD ranges statistical errors dominate.
In [21] and are in qualitative agreement with the coupled-channel model predictions of Ref. [22] . This includes the peak at 3.9 GeV/c 2 that is seen both in Belle and BaBar cross section spectra.
